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Summary: 
Electroosmotic micropumps use electric fields to precisely control fluid flow in microdevices. They are 
attractive for implantable bioelectronic devices due to their simple electrode-based design and compat-
ibility with miniaturization. This study presents a low-voltage bioelectronic pumping and sensing device 
with thin-film interdigitated electrodes achieving very low flow rates (~0.5 nL/min). Laser-fabricated de-
signs and simulations optimize flow and reduce vortices. PEDOT:PSS improves efficiency and electrode 
stability. A flexible implantable prototype demonstrates potential for biomedical applications like drug 
delivery and electrophysiological biosensing, specifically for the treatment of neurological disorders. 
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Background, Motivation and Objective 
Electroosmotic (EO) actuators are suitable for 
microfluidic applications because they can pro-
duce high pressures and precise flow. In these 
devices an electrolyte is pumped by applying an 
electric field to the Debye layer, which is formed 
by the ions due to electric screening of the im-
mobile charges on the walls of the liquid chan-
nels within the pump [1, 2]. The EO pumping 
mechanism is one of the simplest ones for fluidic 
control, since it is based only on electrode ar-
rays, therefore it is very suitable for the design 
and fabrication of bioelectronic implantable mi-
cro-devices with applications in drug delivery or 
biofluid sampling [3]. Currently, these pumps are 
designed to trigger large flow rates (~1-10 µL 
min-1), they are based on thick electrodes and 
their sizes are mostly not compatible with minia-
turized advanced bioelectronics. 

In this work, we aim to design and characterize 
an AC electroosmotic micropump based on thin-
film interdigitated electrodes, as a proof-of-con-
cept prototype capable of generating ultra-low 
flow rates while operating at significantly re-
duced voltages. The objective is to demonstrate 
a scalable and efficient platform for controlled 
fluid delivery in biomedical applications, where 
drug delivery and biofluid sampling can be cou-
pled with electrophysiological biosensing. 

Description of the Methodology 
An AC electroosmotic micropump based on 
asymmetric thin-film interdigitated electrode 
(IDE) designs is developed. Different AC 

electrical waveforms are applied to drive the flow 
of a phosphate buffer solution (PBS) containing 
1 µm polystyrene microbeads, enabling optical 
visualization of fluid motion. The pumps are 
characterized in vitro using microfluidic channels 
with sub-50 µm dimensions, fabricated through 
PDMS replica molding from laser-patterned 
metal molds. IDEs with both symmetric and 
asymmetric configurations are patterned using 
nanosecond and femtosecond pulsed lasers on 
thin films of gold (Au) and PEDOT:PSS depos-
ited by DC sputtering. The laser microfabrication 
provides an ultra-fast, effective and maskless 
method to pattern thin films deposited by DC 
sputtering. The resolution offered by different 
pulse durations is used to design IDEs within a 
wide range of dimensions, from 10µm to 100µm 
trackwidth. Finite-element-modelling (FEM) sim-
ulations are used to predict the fluid dynamics 
due to electroosmosis, systematically showing a 
strong dependence on the flow rate on the elec-
trode designs and the microfluidic channels size. 
Additionally, it is possible to predict the formation 
of fluidic vortexes in the gaps between the elec-
trodes or above each electrode. Tuning the 
channel height, the trackwidth and the inter-elec-
trode gaps contributes to regulate more uni-
formly the fluid flow. 

Results 
Simulations reveal a strong dependence of flow 
rate on electrode geometry and microchannel di-
mensions, and predict vortex formation that can 
be mitigated through design optimization.  
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The contribution of the organic conductive mate-
rial (PEDOT:PSS) is two-fold. First, PEDOT:PSS 
significantly increases the effective electrode ca-
pacitance due to its mixed ionic–electronic con-
ductivity and volumetric charge storage capabil-
ity. Unlike bare metal electrodes, where capaci-
tance is limited to the electric double layer, PE-
DOT:PSS enables additional capacitive contri-
butions within its bulk, effectively behaving as a 
distributed network of nanoscale capacitors [4, 
5]. This enhanced capacitance reduces the elec-
trode impedance and allows efficient charge 
transfer at lower applied voltages, thereby de-
creasing the voltage required to achieve a given 
electroosmotic flow rate. 

Second, PEDOT:PSS improves the stability and 
durability of gold (Au) electrodes under electrical 
operation. The polymer coating reduces elec-
trode polarization and increases the charge in-
jection capacity, mitigating electrochemical deg-
radation processes that typically occur at higher 
voltages [6]. Additionally, PEDOT:PSS exhibits 
excellent electrochemical stability and strong ad-
hesion to Au surfaces, forming a protective inter-
face that limits corrosion and prolongs electrode 
lifetime in electrolyte environments [7]. 

In vitro experiments enable to quantify the de-
pendence of the resulting flow rate and the ap-
plied voltage amplitude, the AC driving fre-
quency, the applied DC offset and the electrode 
design. Flow rates in the order of ~0.5 nL min-1 
can be achieved with ultra-low peak-to-peak volt-
ages (~0.8-3 V) (Fig.1).  

 

 
Fig. 1. Top: In vitro platform to test the PEDOT:PSS 
based electrodes with a PDMS microfluidic channel. 
Bottom: optical micrograph showing the microbeads 
flowing at a speed of ~0.5 nL min-1 within a microfluidic 
channel filled with PBS on top of interdigitated elec-
trodes. 

Additionally, a flexible proof-of-concept AC elec-
troosmotic pump, designed in the form of an im-
plantable probe (Fig.2), is successfully demon-
strated and tested in vitro in an agarose gel 
phantom. 

 
Fig. 2. Illustration of a flexible pump based on the 
PEDOT:PSS/Au electrodes for drug delivery and elec-
trophysiological biosensing.  

 

Conclusions 
The proposed PEDOT:PSS-based electroos-
motic pumps pave the way for the realization of 
implantable bioelectronic probes for biomedical 
applications, in particular for the treatment of 
neurological disorders (e.g., epilepsy, Parkin-
son’s disease, chronic pain, etc.). Designs with 
arrays of multiple pumps are envisioned for more 
complex and sophisticated microfluidic systems 
for fluid control and biosensing. 
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